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ABSTRACT

This report describes the work performed under contract No. NAS 8-5116 by
the Electronics Laboratory of the General Electric Company in Syracuse, New
York, during the period 1 June 1963 through 30 April 1965 for the George C.
Marshall Space Flight Center, NASA, Huntsville, Alabama. The report covers

work performed during a contract initiating on 1 June 1963, and a continuation
initiating on 1 May 196L4.

Analytical and experimental approaches to determine the feasibility of a

solid state image detector are reported. During this program, work has been

performed in the areas of:

I. Scanning
A. Delay Lines

B. Microelectronics
IT. TImage Sensor Matrix Analysis

ITT. Device Fabrication
A. Nonlinear Elements
B. Charge Storage Capacitors
C. Photoconductors

D. Matrix Fabrication

IV. System Analysis and Limitations.

Work performed in a prior contract is contained in the final report for

that program phase and is included as an appendix.
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I. INTRODUCTION

A. TIMAGE CONVERTER SYSTEM CONCEPT AND OBJECTIVES

The search for a new concept in image sensing which would eliminate
the electron beam, glass envelope, and magnetic deflection coils has led
to the device that is presented and analyzed here. Current and projected
needs of spacecraft instrumentation have led to the conclusion that a solid
state image sensor would have significant areas of application. For this
reason, this project has had as its objective, the investigation of circuit
and component requirements to achieve an operating system comparable to a

vidicon in operational characteristics.

The basic image converter concept is illustrated in the block diagram
of Figure 1. It consists of a two-dimensional photosensitive area, with an
interconnecting matrix, row and column matrix drivers, and associated sync-
ronizing and scanning control circuitry. The input image is focused on
this planar matrix and a signal voltage is produced at the converter output
terminals. This voltage, as a function of time, represents a spacial distri-
bution of light intensity over the image area and is processed for viewing
using conventional television techniques and circuits. The scanning of the
image area is controlled by a common synchronizing source, which regulates

both drivers attached tc the matrix rows and columns.

The defined system is found to consist of two major areas, the scan-
ning process, and the image sensing process. These areas of development are
not independent of each other as is shown explicitly in the system circuit

analysis, and thus have been developed in parallel throughout the project.
B. SUMMARY OF PROJECT

The program entitled, "Design and Development of a Solid State Image
Converter," (NAS8-5116) was initiated in July 1962. During the initial
nine month program, a variety of scanning and image detecting schemes were

evaluated from circuit consideration, and the basic feasibility was established.
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(Results of this program phase were documented in a final report dated
May 1963. For the sake of overall program completeness, this report is

included as an appendix.)

Following the first phase a continuation program was formulated to
fabricate and demonstrate an individual component module of the image
detecting matrix. Under this program a 3 x 3 operating matrix was fabri-
cated from individual photoconductors and diodes, and driven by operating
delay lines. Test results conformed qualitatively to that predicted by the

system analysis.

The third and current phase of the project has had as its goals the
refinement of the overall system to conform with restriction imposed by
device fabrication requirements. To meet these requirements, a modified
image sensing technique and a new implementation of the scanning system
were incorporated into the design concept. Device fabrication at a density
of 50 lines per inch was successfully accomplished, although additional
development was found to be necessary to integrate the several components

into a single structure.
C. MAJOR CONCLUSIONS

Results of the refined circuit analysis and device fabrication study
during this phase of the project support the previous conclusions of a
potentially successful image converter matrix, although at a somewhat
reduced resolution capability than the specified 600-800 lines. However,
by proper system utilization of the calculated realizable matrix size, the
complete goals can be met. In addition, a number of unique modes of opera-

tion are obtained that would not be available to conventional vidicon systems.

In this report, the major areas of description are the circuit and
system analysis of the image sensor matrix, a discussion of the scanning
techniques considered in the program, and a description of the materials
and devices efforts to achieve the goal of this phase; namely a 30 x 30

integrated structure at a density of 50 lines per inch.

Limitations of the design goals and areas of required development

are specified.



II. SCANNING

A. INTRODUCTION

The image sensor matrix must receive the proper voltage drive pulses
to switch the isolation diodes and to generate a current that is proportional
to illumination. These voltages must be commutated continuously from
element to element in a regular sequence to form a video signal compatible
with the display. Two schemes have been developed to drive and scan the
matrix. The first to be discussed uses tapped piezoelectric ceramic delay
lines. This method is a natural outgrowth of the development pursued during
the early phases of the contract with intersecting acoustic waves on a con-
tinuous ceramic sheet (see Final Report, May 1963, Appendix A). The second
approach uses solid state microelectronic components to obtain driving and
timing voltages. The relative advantages of this system compared to delay
line scanning have been studied during the last phase of the contract and

are discussed below.
B. DELAY LINES

Acoustic delay lines offer the capability of combining both the func-
tions of drive power generation and matrix commutation in a single unit with
the expectation of achieving a very simple scanning structure. This scan-

ning scheme has received extensive development throughout the contract.

Metallic contacts deposited at regular intervals along the length of
this piezoelectric sheet are used as drive and output electrodes. A common
electrode is deposited on the opposite side. 1In operation, voltage pulse
applied across the drive electrode generates a longitudinal stress wavefront
that propagates down the sheet, regenerating voltage pulses as it passes
between each pair of output electrode. Figure 2 illustrates such a line
and Figure 3 shows a typical output waveshape. Because of the attenuation
in the ceramic material, the tap voltages decrease with the distance from
the drive electrode, and compensating voltage dividers, shown in the figure,

must be employed for equalization.




PIEZOELECTRIC

CERAMIC
SHEET

DIRECTION OF (\

WAVEFRONT
PROPAGATION

DELAYED PULSE

INPUT 0

PULSE OUTPUTS, TO MATRIX
CONDUCTORS
i
o \

COMPENSATING
RESISTORS

Figure 2. Delay Line Configuration




(r) First Delay Line, with Positive Output Voltage
‘(b) Second Delay Line, Negative Output

(0.5 ms/cm and 0.25 v/cm)

Figure 3. Delay Line Output Weveforms




Acoustic propagation velocities are utilized so that delay line lengths
of a few inches correspond to tens of microseconds of total delay (typical
ceramic materials have delays equal to 7 usec/inch.) The delay time between
the tap outputs is then precisely equal to the distance between them divided
by the acoustic wavefront velocity. A damping material, not shown in the
figure, is added to the edges to absorb the incident waves and prevent reflec-

tions within the line.

The tap impedance is largely capacitive, being a function of the
ceramic thickness and dielectric constant, and the electrode area. The
delay line thickness is a compromise between conflicting requirements;
increasing the thickness results in increased mechanical stability and
decreased attenuation, but also intorduces dispersive modes at the higher
frequencies. The compensating resistors, in addition to adjusting the out-
put voltage, also prevent the accumulation of charge on the output voltage
taps. These specialized problems associated with delay line design and

fabrication are discussed in more detail in the following sections.

1. System Operation

Two delay lines are used with the image converter matrix, one set of
taps attached to the X conductors and the other set to the Y conductors.
Coincidence of two pulses at a given intersection governs the selection of
the intersection element, using the nonlinear characteristics of the semi-
conductor diode. The typical forward conduction characteristic is shown in
Figure L. The current Id is an exponential function of the voltage, Vd’ and
therefore increases rapidly as Vd is increased. Each diode connected in
series with a low resistance photoconductor element, is therefore capable
of controlling the current flow through the photoconductor, depending upon

the voltage appearing across the junction.

Upon interrogation, a voltage equal to 2V (temporarily neglecting
series voltage drops) will appear across the indicated intersection. However,
a voltage of only V will appear across those elements (hereafter called pri-
mary elements) directly connected to these two particular conductors. Also,

no voltage will appear across the remaining elements (to be called secondary



Figure 4. Semiconductor Diode Characteristic




elements) not connected to these conductors, but associated with conductors
attached to "off" sources. Because the voltage V corresponds to the diode
characteristic as shown in Figure 4, only the interrogated intersection
conducts heavily and the output voltage will be dependent mainly upon the

photoconductor resistance of this intersection.

The interconnection of delay lines, photoconductor and diode elements
is illustrated schematically in Figure 5. Each delay line output tap is
represented by a voltage source in series with an impedance Zp that includes
the voltage compensating resistances as well as the tap capacitance. The
load resistor is represented here as the input impedance of the first video
amplifier. The pulsed reference source associated with each output tap has
a peak value of V volts, but only those two sources associated with the

interrogated intersection are "on".

The coincident voltage interrogation described above, functions similarly
when the parallel combination of a charge storage capacitor and high resist-
ance photoconductor are used as intersection elements. In this case, the
capacitor is recharged only when a voltage, 2V, is applied. The small amounts
of charge that the remaining elements of the primary row and column receive
do, however, degrade the system performance. This effect is discussed later

with the aid of equivalent circuits.

The primary elements' current, however, although small, is additive
at the load and will tend to mask the lower level signal currents. This situa-
tion becomes more critical as the size of the matrix is increased and more
elements are added. Therefore, one important design criterion is a high

ratio between the currents Il and I2 shown and defined in Figure L.

Under dc conditions, the current Il can be very low. When the diode
is pulsed in the forward direction, however, the current Il becomes substan-
tially larger due to the diode junction capacitance. Capacitances of a few
picofarads, measured at zero bias voltage, have been obtained with the present
diodes in use. A capacitance of 1.0 pf operated at 1.0 mc has a capacitive
reactance of approximately 160K ohms. The logarithmic curve of Figure 6

shows an exponential diode characteristic with 100, 1K, and 1000 ohms series
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resistance, and a 160K ohm shunt resistance. With the half-select voltage,
V, applied, the current Il' is approximately two orders of magnitude higher

than Il. The currents 12, I2l and I2ll flow when the full select voltage,

2V, is applied.

The capacitance of a given diode is an exponential function of the
difference between the applied voltage and the bandgap voltage and, there-
fore, increases with applied forward bias. Reverse bias of noninterrogated

elements is an effective method available for reducing this capacitance.

2. Matrix Scanning

The acoustic velocities in piezoelectric ceramic are essentially con-
stant and cannot be adjusted over a wide range, regardless of the mode
selected. Both of the required delay lines must therefore have the same
delay. For the matrix interconnection shown in Figure 5, a diagonal scan
pattern will result. Consequently, a 90O orthogonal interconnection tech-
nique was developed early in the contract and is shown in the first final
report (appendix A). Proper transformations of the diagonal rows and
columns resulted in a tap requirement approaching one half the number of
lines. This is illustrated in Figure 7. A further improvement was made
by transforming of the matrix to a hSO interconnection technique, illustrated
by the 4 x 4 matrix of Figure 8. The proper timing of one pulse input with
respect to the other will allow each line shown to be selected and scanned
from left to right. One output tap per line is required for each matrix row

and column.

This scanning configuration is an improvement over the previous schemes,
where in order to prevent interactions among the delay line pulses, nearly
half of the intersections are unused. These potential interactions exist
because two pulses are required on each line simultaneously in order to scan

the matrix.

Figure 8 also illustrates the electrical connection of the two delay
lines to the matrix. Only one delay line common electrode is grounded; the

other floats electrically above ground at the signal output potential. This

12
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This latter line, however, is driven from a grounded pulse source by using
an isolated pair of drive electrodes, as shown. In this scheme, the matrix
array fabrication is simplified and horizontal blanking signals can be ob-
tained directly from the last tap of the grounded line, as shown. The tap
output pulses can also be used to retrigger the driving pulse generators

to obtain a continuous scan.

A block diagram of the delay line self-triggering circuits required is
illustrated in Figure 9. Both trigger electrodes are connected to the
associated drive pulse generator through a trigger delay, and also through
a pulse coincidence detector (logical "and" gate). Two logical "or" gates
are used to isolate the two paths and to connect them to the proper pulse

generator trigger inputs.

For example, retriggering from tap 4 of the vertical line and tap 5
of the horizontal line will result in a scan sequence from top to bottom

in Figure 8.

Normally, the trigger electrode outputs appear at different, apparently
unrelated times. Once each frame time, however, they coincide, initiating a
pulse in the center circuitry. The "and" gate retriggers both drive pulse
generators at the same instance, thereby preventing a change in position of
one pulse with respect to the other, due to small differences in sync loop
delays; and assuring proper registration of the delay line tap outputs. The
small added delay in both trigger amplifiers assures that the "and" gate

output will trigger the pulse generators at coincidence.

Incorporating interlace scanning is accomplished simply by adding an
additional time delay or extra tap, onto the horizontal delay line. In fact,

the scanner will interlace every jth row by adding j additional taps.

The driver pulse generators can also be synchronized by a second method,
employing a clock signal, that has a number of advantages over the self
triggering method. The clock signal period is set equal to the time between
successive delay line output pulses. This signal is used to derive two

separate pulse signals of lower repetition rate to trigger the drive pulse

15
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generators. Figure 10 shows the block diagram of the timing circuitry used
for the 9 x 9 model. Two four stage counters with feedback are required

to obtain the 1:9 and 1:10 pulse output/input ratios desired. The 1:9
output triggers the delay line corresponding to line 1 in Figure 8; the 1:10
output triggers the horizontal delay line, 2. The horizontal sync pulse is
identical to the 1:10 trigger output. One 2- input gate is used to obtain

a vertical sync pulse on the coincidence of the 1:9 and 1:10 pulse outputs,
that occurs once each frame. Another 2 input gate is used to inhibit a por-

tion of the 1:10 output pulse.

This triggering method has been incorporated into the demonstration
model because of its stability and ease of adjustment. The clock generator
is self-starting and its frequency can be adjusted easily. This signal is
available also for strobing the output video for further video processing,

such as sample and hold.

3. Delay Line Design

a. Materials

Two highly efficient piezoelectric ceramics have been used as delay

media in this program.

During the early portions of the program, delay lines were fabricated
from Gulton G527 0.005 inch sheet ceramic. This material is characterized
by a high electromechanical coupling coefficient (.35), a high dielectric
constant (1500) and a low mechanical quality factor (75). The first two
characteristics imply a relatively high output voltage at each tap at a low
output impedance. These are desirable for the present application. However,
the low mechanical quality factor is reflected as a rapid decrease in the
acoustic stress wave as it propagates along the sheet. This is undesirable
since the delay line output voltage should be as constant as possible from
tap to tap in order to drive the sensor array. For these reasons, it was
felt desirable to use a different ceramic for the delay line material. A
General Electric ceramic, type L2TAA, was selected. This ceramic is a modi-

fied lead zirconate titanate characterized by a high coupling coefficient

L7
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(.30) a high dielectric constant (1000) and a high mechanical quality factor
(600). Most of the results given in this report were obtained using this
ceramic. Normally the delay lines were fabricated from sheets 1 inch wide,
3 inches long, and 0.010 inches thick. A number of lines, fabricated from

a barium titanate sheet, General Electric type 235, were not successful.

The ceramic sheet thickness must be no greater than a half wavelength
of the highest acoustical frequencies excited to prevent the propagation of
dispersive modes. Thin sheets of 5-10 mil thickness, have been required.
Such sheets are brittle and require careful handling during processing.
However, a properly mounted ceramic sheet is capable of withstanding large

shocks and vibration, without fracture, as discussed further below.

b. Electrodes

Two electroding procedures have been used in this program to obtain a
low resistance, mechanically stable contact to the ceramic surface that does
not interfere with the acoustic wave propagation. The first method consists
of sputtering metals through masks on the ceramic surface. Successive layers
of nichrome, gold, and copper were applied. A thin nichrome layer assured
good electromechanical coupling, and a thin layer of gold was required for
good adherence of the heavier layer of low resistance copper. The metal
masks and sputtering holder used are shown in Figure 11. The common electrode

was applied to the cpposite side without masking.

Although the mask openings were carefully machined, the sputtered
electrodes themselves were of varying widths, due to warpage of the 5 mil
ceramic sheets. Because the tap output voltage is maximum only when all
taps are of equal width, a more accurate electroding method was studied.

This method involves the electroless deposition of metal from solution
through photoresist masks on the surface of the ceramic sheet. Both copper
and nickel deposition has been successful. Figure 12 shows the various masks
used. Photoresist is first removed from those areas where metal is desired,
and then the excess is removed after deposition. These electrodes, applied

to the GE Lo7 AA ceramic, were largely successful. Some samples had rather
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(a.) 120 MIL CENTERS (b.) 60 MiIL CENTERS
TOP ELECTRODES

(c) 30 MIL DRIVE TAP (d) 180 MIL DRIVE TAP
BOTTOM ELECTRODES

Figure 12. Delay Line Deposition Masks
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high resistance electrodes (200-2000 ohms), due to abnormally thin metal
deposition. This problem was thought to be due to improper use of the
required sensitizer. Some lines were temporarily repaired using air dry

silver paste, applied over the metal with a brush and successfully operated.

Leads of 2 mil wire are attached to the electrodes with silver paste,
conducting epoxy, or soldering. These leads are mechanically quite stable

as shown by the results of the shock and vibration tests.

c. Reflections/Damping

Stress wave reflections from the edges of the ceramic and from the
metal taps added to the tap signals in the form of noise, and must be min-
imized to prevent unwanted matrix signals. A number of edge doping materials
have been applied to absorb the reflections. The compound that was most
successful when used with the Gulton ceramic is an acoustic sound deadener,
consisting of asbestos in a binder. The more recent delay lines using GE4L2TAA

ceramic, require more damping because of the increased quality factor.

For this reason, a larger ceramic area was left between the electrode
area and the sheet edges, to allow the application of more damping material.
Rubber stripping compound and glass fiber tape were applied to the line edges.
These materials, although normally effective, did not reduce reflections

sufficiently.

Relative success, however, was achieved by scalloping the edges of the
line to break up and disperse the incident wavefront. Scalloping was accom-

plished simply by fracturing small pieces from the edges of the ceramic sheet.

Figure 13 shows a number of experimental lines that have been fabricated

and tested, some with the various damping methods discussed above.

The two delay lines at the upper left, mounted on printed circuit
boards, are Gulton ceramic with sputtered nichrome electrodes. The as-
bestos acoustic deadener is the damping material. The two long lines
directly below are General Electric 235 ceramic with 100 mil wide sputtered
electrodes. Asbestos damping was applied to these lines. The five lines

remaining are fabricated from General Electric 42TAA ceramic. The short
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line at the left is damped with rubber stripping compound. The electrodes
are electrodeposited copper, with a 60 mil center-to-center spacing. The
electrodes of the delay lines at the upper right have been retouched with
silver paste. The edges of the upper line have been scalloped. Glass tape
is the dampener used on the line at the lower right. The line at the far
right has no damping, but illustrates the isolated drive electrode configura-

tion.

A new electrode placement was attempted to eliminate the large reflection
from the edge parallel to and nearest the drive electrode. The electrode
pattern was placed on the ceramic so that the edge of the drive electrode
was flush with the edge of the sheet. The reflected wave then contributes
to the forward wave, giving a slight increase in output voltage. The increase
was somewhat less than expected, and there is some tendency for the waveform
to distort as it propagates down the line. The output waveshapes changes in
many of the lines from positive pulses to negative pulses or to double pulses
of reduced amplitude. Propagation of a single positive pulse along the entire
line has been successful in some lines; these lines have been used in the

9 x 9 breadboard model.

Waveform distortion of this type exists to some extent in all of the
lines fabricated. Some interference is thought to be due to the electrical
short circuit presented to the wave across the width of each output tap. To
reduce this effect, alternate taps were eliminated from some of the recent

lines fabricated. Figure 12 has shown both the old and the new tap spacing.

d. Drive Pulse Generator Isolation

The image converter circuitry of Figure 8 requires that one delay line
common electrode be isolated from ground. It is convenient, however, to
drive the line from a grounded pulse generator. Therefore, a split electrode
configuration is used, as illustrated in Figure 12. This method was used
with success on the Gulton ceramic lines fabricated earlier in the program.
When the high Q, GEL2TAA ceramic was used, however, a noise signal was
present across the gap. The nolse waveform is irregular and of sufficient
magnitude to mask the video output, which is taken across the same two

terminals.
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Any acoustic wave traversing the gap whether due to the main acoustic wave -
front or individual reflections from the output electrodes, contributes to

the noise.

A number of solutions of this problem were proposed. The gap between
the common electrodes was increased, and output taps above the gap removed,
with only a slight reduction in noise. A line with one common electrode,
and driven from a pulse generator isolated with a pulse transformer, elim-
inated the acoustic noise, but exhibited capacitive coupling of a differ-

entiated drive pulse into the video signal.

A new readout circuit was studied briefly, that allows both lines to
be grounded. The video output is obtained by diode coupling from each top
of one delay line to a common load resistor. The scheme functioned well in
a single element interrogation test, but is somewhat sensitive to voltage
variations, since the video output is proportional to the amount of voltage

unbalance that results from a given interrogation.

The most successful solution to the problem involved a detailed study
of the noise mechanism. Initially, the‘delay lines were fabricated by uni-
formly polarizing the ceramic sheet through its thickness before the elec-
trodes were applied. Because of this polarization, a certain amount of
electromechanical coupling existed between the two electrodes, which would
cause a voltage generation across the electrodes in response to acoustic
stress. The entire delay line was, therefore, depolarized by heating it
above its Curie temperature and repolarizing only between the electrodes
used. The video noise was reduced nearly an order of magnitude, along with
a 30% reduction in the output voltage. Also, the propagation velocity was
decreased approximately 3% due to the nonuniform poling. To insure pulse
coincidence, the normally grounded delay line was repoled in the same manner.
Propagation velocities within 1% resulted, which were sufficient for operation
of the 9 x 9 model. This would, however, require more detailed material,

electroding, and polarization if a greater number of taps were to be used.
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e. Shear Mode Delay Lines

Most of the delay lines fabricated and discussed above have used
longitudinal waves, whose propagation velocity is approximately T usec/inch.
With this mode of propagation, a 9 inch length is required to obtain a delay
of 63 usec, as needed, for conventional television scanning. Although this
total delay could be achieved with a number of shorter lines, it is desirable
to obtain slower propagation delay lines. Therefore, a limited investigation
of the possibility of using shear waves as the acoustic mode of propagation
was carried out during this program. The velocity at which these waves
propagate is about two thirds that of longitudinal waves and thus would
enable the use of shorter delay lines. The study indicated, however, that

this method is not practical with the present system.

Piezoelectric excitation and detection of shear waves requires that
the ceramic sheet be polarized in a direction perpendicular to the direction
of propagation. It was found in practice that it was difficult to achieve
this polarization due to the fragility of the thin delay sheet. The large
mechanical strains developed during polarization were sufficient to cause

fracture of the sheet.

The electroding configuration presently used on longitudinal mode delay
lines is desirable because of its ease of fabrication, high capacitance, and
the fact that one electrode must be applied for each additional output tap.
Unfortunately, all the shear modes that can be excited or detected with this
arrangement are dispersive (the delay changes with frequency) and are thus
not usable in this application due to severe distortion of the acoustic wave

as it propagates through the sheet.

A nondispersive shear mode can be excited and detected by using two
electrodes for each tap. These electrodes would be applied to the same
surface of the sheet and perpendicular to the direction of propagation. Each
electrode pair would be spaced one half acoustic wavelength apart. This
arrangement would be more complex to fabricate than the present one and
would probably have a lower capacitance than the present technique. Neither
of these arrangements was evaluated due to the lack of a suitably polarized

ceramic sheet.

26




f. Matching and Attenuvation Pads

Compensating resistor networks are required between the delay line
output taps and the matrix conductors to correct the output voltage char-
acteristics of the tapped delay line. Two conditions must be met: 1) Each
matrix conductor must receive a voltage pulse of an amplitude, V, to accom-
plish the coincident selection of a matrix element. 2) Each pulse source
must have the same Thevenin source impedance so that each source acts iden-

tically under varying matrix impedance conditions due to illumination.

In addition, a resistive path from the tap to the common electrode is
required to prevent accumulation of change on the tap. A few thousand ohms
resistance is sufficient for the highest pulse repetition rate used. Figure
14 illustrates the decrease in voltage pulse amplitude that is obtained as
the distance from the drive tap is increased. The line measured is of
GEL2TAA ceramic, with electrodes on 60 mil centers. When R = oQ, no power
is taken from the taps, and the voltage decrease is due entirely to internal
losses. When R = ‘Z‘ >, the maximum power is taken from each tap{ The
increased slope is the sum of internal losses and the power removed from
each preceding tap. If a large amount of power must be drawn from 30 taps,
for example, a voltage adjustment over a range of more than an order of mag-
nitude is required. When small amounts of power are drawn, a characteristic
curve between those of Figure 14 is obtained, and less voltage compensation

is necessary.

This voltage adjustment and source impedance compensation is accomplished
Ly the use of a resistive pi-network, illustrated in Figure 15. Resistors Rl
and R2 function as a voltage divider. Resistor R3 is used to adjust the net-
work for a constant input impedance. Resistor R3, however, reduces further
the voltage available to the matrix under load. The resistor values must,
therefore, be chosen together and with a knowledge of the matrix load. The
isolating diode is used to minimize reverse currents through noninterrogated

elements and inactive taps. Its function will be discussed further with the

aid of the equivalent circuit.
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Figure 15. Attenuating and Matching Network
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Values of resistance have been calculated for a tap impedance of 330
ohms, a matrix load of 200 ohms, and a total allowed source impedance of
530 ohms. The sum of Rl and R2 is chosen to be constant and for these values
becomes 1800 ohms. Three cases are tabulated below, for a total network

load of 200 + 530 = T30 ohms.

(1)
v /v, R R R Input (2) Tap (3)
out’ in 1 2 3 Impedance, Load,
R R
a b
0.7kl O ohms 1800 ohms 253 ohms 532 ohms 637 ohms
0.371 735 1065 0 532 1169
0.107 1470 330 253 532 1717

(1) Vi, is the voltage across R, + R, ;

Vout is the voltage across R3 + R2

(2) Ra is the network and tap impedance, measured at the Vout terminals.

(3) is the network and matrix load, measured at the V. terminals.
’ in
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In each case above (and for all intermediate values) the input
impedance Ra remains the same, regardless of the Vout/vin ratio. A volt-
age range of O.7h4/0.107 = 6.95 can be accommodated. These values will
compensate the outputs of approximately 30 taps of the delay line of
Figure 14 because the load on each tap 1s from two to five times the tap
impedance. The higher Vout/vin ratio is used for the last tap, and the

lower, for the first tap.

Figure 16 illustrates the electrode and material layout for the thin
film deposition of these compensating resistors. The constant value of
Rl + R2 allows an adjustment in resistance ratio to be made simply by chang-

ing the electrode position.

g. Delay Line Power Output and Efficiency

Ferroelectric ceramic delay lines are used for two purposes with this
image converter. They provide the timing of the sweep, as well as the power

to drive the sensor array. It is the purpose of this section to examine the

design of the delay lines in terms of their power handling requirements under

the following idealized assumptions:

1) The acoustic loss in the delay material is negligible

2) The acoustic wave is confined to the region of the ceramic
upon which the electrodes are placed. That is, no reflection
or absorption of the acoustic wave occurs at the edges of
the delay sheet.

3) Reflections of the acoustic wave at each electrode are
negligible.

It is also assumed that a constant fractiono of the incident acoustic wave
at each electrode is converted to electrical power. A variable portion of
this power may be delivered to the sensor due to resistive padding but this
is not relevent to the present discussion. In practice, the parameter &K is
related to the electromechanical coupling coefficient of the ceramic and the
resistive loading on the delay line taps. This loading is here assumed to
be substantially constant except for small variations due to changes in

sensor illumination.
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In the following discussion, the diagram of Figure 2 represents the

physical arrangement of the electrodes.

Application of a drive pulse to the drive electrodes results in an
acoustic pulse of power Pl which is incident on electrode 1. At this
electrode, an output power PO = & P. is coupled out of the delay line.

1 1
Therefore, the power incident on electrode 2 is given by

P, = (1 - ) P, .
Similarly,

P02=°(P2=°<(l-0()Pl s
and

P, = (1-04)2:9 .

3 1

At the last electrode, i = N, the output power is given by

P =ol(l-) Nlp

oN 1

so that the input acoustic power required on a per unit output basis is

P, = 1/ (1 - o)Vt

This last expression indicates that for a given N determined by the array
sensor, there is a particular value of o that will minimize the acoustic
drive required to meet the power requirements at the Nth output tap. This
in effect balances the inefficiency of output coupling due to a too small
value of & against the effect of delivering too large a portion of the

available acoustic power in the first few taps due to a too large value of ol .

Straightforward minimization of Pl with respect to & indicates that

the desired value is

o = 1/n .

@)
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It should be noted that this value will also make the output power at any
tap most independent of small changes in loading on the preceding taps. If
this condition i1s satisfied, the per unit input power is given as a function
of the number of taps by

P, = (ﬁl_q—l)N:L .N=~e.N
where the approximation is good for N greater than ten. That is, the required

acoustic input power is directly proportional to the number of taps required.

The efficiency of the delay line as a power source can also be esti-

mated bearing in mind the assumptions made earlier.

The delay line efficiency will be defined as

i i-1
SEDIICRS
P 1
i=1

Efficiency = Pout =
in Pl
N
= 1 - (1L -)
Again assuming that
1 1
= T, - T
the efficiency is given by
N
Efficiency = 1 - (1- %) = 1 - % (1 - % )

ny

63% (N large).

Since the derivation assumes an input power of P, already existing

1
within the line, an additional loss factor due to the coupling coefficient
(YI) of the drive line must be included. The idealized external efficiency
is then

Efficiency a4 —— %
N
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The measured line of Figure 1k was used to calculate an actual

efficiency, and the comparison between this and the measured efficiency

is quite good.

The effective o¢ is obtained from a combination of the actualed and
the line losses which are neglected in the formula derivation. This is done
by taking the effective voltage output as the voltage difference between the
R = |Z| and R =0 curves. The value of o is then calculated from

(1 -x) =

Across the 30 taps of this line, the value of & ranges from .022 to .037.

A calculated efficiency is then obtained from

Eff = 1 - (1 -o<)N
= 1- (on¥
= 60%

Coupling coefficient for the drive line can be calculated from the power ratio
of the first top output to the input. This coefficient is about 0.2, thus

the calculated efficiency for the line should be 12%. Actual measurement of
the output power and efficiency yields a value of 4%

30
> v
Eff = L= 1 5 J
V.
in

The discrepancy can be explained by the other loss neglected in the assumptions.

h. Measurement of the Effect of High Acoustic Pressures, Shock
and Vibration Upon Compensated Line Output

For this purpose, two ceramic lines were mounted in a standard aluminum
coil form can, Millen type T4L0O. Figure 17 is a photograph of the components,
prior to assembly. A foamed polyurethane pad was cut to fit snugly within the
can, and sliced lengthwiée into three rectangular parallelepipeds. Two were

reassembled to contain an aluminum stiffening plate, .015" in thickness, using
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General Electric RTV-108 silicone rubber adhesive sealant. The RTV was
cured at appraximately 65000 The ceramic line was then edge-sealed to the
stiffened pad with RIV, and then the top pad was added, again using RTV as

a cement. This again was cured. The assembly was then placed within the
can, using RTV as a cement between pad and can walls, and cured. The octal
header, with leads soldered in place, was then attached with mounting screws
and sealed in place with RIV and given a final cure. Two units of this type

were prepared.

For reference, an output signal from the ceramic line before mounting
was recorded, in Figure 18. After mounting the output was essentially un-
changed, as shown in Figure 19. This line was selected from laboratory
rejects for the environmental tests, since the tests were expected to be
destructive. It should not be regarded as typical in performance, but pro-

vides a Dbasis for evaluation of packaging and environmental effects.

A moderately intense sound source was set up in the laboratory, within
an enclosure deadened for minimization of acoustic standing waves. The
sound source was a University model T-50 tweeter, rated for frequencies
from 600 cps to "above audibility" at a program level of 50 watts input
power, and a suggested derated level of 5 watts for cw input. This was
operated during tests at approximately 6 watts of input power, with cw sine
wave excitation from a McIntosh model A-116 power amplifier. The mounted
delay line, and a General Radio Type 1555-A Sound Survey Meter were placed
in close proximity to the mouth of the tweeter horn, and readings from the
sound meter were used as the measure of incident sound intensity. It was
found that the 130 db level could not quite be maintained at frequencies
above 6000 cps, within the 6 watt limitation, and so the measured micro-
phonic level has been raised to compensate for reduced intensity. The
response curve is shown in Figure 20. At frequencies above 13 kes, it
appears that calibration of the sound survey meter may éccount for the
observed rise in microphonic response, since a considerable drop in level

for constant drive power was observed. The largest microphonic response
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Figure 18.

Response of a "Reject" Line, Selected for
Envirommental Testing, to & Rectangular Voltage
Pulse. Sweep Rate is 5 Microseconds per Division.

Figure 19.

Response of the Envirommental Test Line in 1ts
Mounting.
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observed and assuredly genuine peaks between 1200 and 1440 cps, for which

the microphonic voltage was 2.2 millivolts.

The packaged delay line was then subjected to vibration and shock, while
operating. Vibration in the plane of the ceramic sheet was gradually increased
from an initial 2 g's, sweeping frequencies at each acceleration level from
zero to 6000 cps. The line withstood all of the vibration tests, to a level
of 10 g's. At the last of this run, the feedback accelerometer lost its lead
connection, and the table drove momentarily to a power overload. It is
estimated that for a few seconds, before power shutoff, the element was
subjected to considerably more than 10 g's, and at a frequency well in excess
of 6000 cps. Only during this runaway was there an observable level of micro-
phonic output from the line, which was being observed at the reduced level of
.050 volts signal output; this microphonic level is estimated to have been
about .010 volts.

Shock tests were then carried out, with shock applied at right angles
to the ceramic sheet, in the direction of its least strength. Three drops
each were carried out at 50 g's, 63 g's, 80 g's, and 90 g's. On the 90 g
test a momentary shock wave was observed superimposed on the signal waveform.

In all shock tests, an 11 millisecond pad was used.

The resistance to shock and vibration in this mounting is considered
somewhat remarkable, since the ceramic sheet and its connecting leads are
thin and fragile. It has not been anticipated that a satisfactory mounting
could be produced without considerable development. It is believed that the
method of packaging and the foam material used are responsible for the success.
This particular foam, generically a resilient polyurethane foam, has been

measured further to determine its basic properties.

1. Open cell structure. This was originally specified to avoid possible

expansion or contraction when subjected to changes in atmospheric pressure.
2. Density 1.8 pounds per cubic foot.

3. Cell size 60 (sixty cells per linear inch).

4. Compressive resilience excellent.

5. Compressive volume - 12:1.
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After testing, the delay line package was opened for visual inspection.

No damage was found.

4. Delay Line Limitations

The use of ceramic delay lines as a source of power and timing for
image converter scanning has definite limitations. Operational problems
that exist with the 9 x 9 model indicate that modifications are necessary
before larger arrays can be read out accurately. The most important problems

are summarized below.

The voltage output available from the delay lines is limited. A 0.5 p
sec drive pulse of 60-80 volts, with rise and fall times of approximately
20 psec is required to operate the 9 x 9 model. Higher voltage outputs are
needed for matrix reverse biasing schemes, and less efficient although more
stable coupling schemes. It is difficult, however, to generate higher
voltage inputs and to prevent the increased capacitive coupling into the

video output circuit.

The coincident voltage selection scheme is itself somewhat limited since
a 2:1 ratio between selection and non-selection voltage conditions must be
maintained. An appreciable current flows through these elements with the
single pulse voltage, V, because of the increased diode capacitance at for-
ward bias even below the "knee" of the conduction curve. Reverse biasing
would allow higher pulse voltages to be used with some improvement, but twice

the present delay line voltage is needed to eliminate all diode forward con-

duction in the non-interrogated elements.

Accurate alignment of the pulse peak from each delay line must occur to
obtain the 2V peak. If the pulses occur at slightly different times, the
charge storage capacitor will not be fully charged and a reduced signal
current will flow for that intersection. Operation of the 9 x 9 model has
demonstrated that wavefront velocities within one percent of each other are
required. Careful control of delay line fabrication should produce lines
within this tolerance. However, the pulse wavefront distribution that is
observed to some extent in all lines, interferes with accurate alignment and

limits the usable length of the line.
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The voltage available from a given delay line tap depends upon the
pover that has been taken from previous taps. This power, unfortunately,
varies with the matrix illumination, where an illuminated element consumes
the most power. This dependence is minimized by sampling only a small
fraction of the acoustic power available at each tap for use in driving the

matrix. This implies a larger drive voltage which is undesirable.

A possible solution to the above problems involves the use of diode
clipping circuits to produce a constant voltage, regardless of matrix load.
The clipped pulses would have flat tops which would minimize previous timing
difficulties. If a higher voltage drive pulse is required, however, noise

pulses at each tap become more significant.

The rise time of the delay line interrogating pulse, approximately
100 psec, is somewhat less than can be achieved with transistor circuitry.
When a given charge storage capacitor is being recharged, the magnitude of
the charging current is inversely proportional to the voltage rise time.

Video current magnitudes, therefore, are lower with delay line scanning.

Most of the delay line acoustic reflection noise can be eliminated
through proper poling and damping procedures. Capacitive feed through
of a differentiated drive pulse into the video output has been difficult
to eliminate and is a severe problem in the 9 x 9 model output. Mounting
and shielding techniques may be helpful, but more coupling can be antici-

pated with more compact packaging.
C. ELECTRONIC SCANNING CIRCUITS

1. Microelectronic Drive Circuit

Recent advances in commercially available microelectronic digital cir-
cuits make these units ideal for generating stable, uniform scanning pulses
for driving an image converter matrix. Combinations of ripple counters,
J-K flip-flops--logic gates, ring counters, and shift registers are poten-
tially capable of generating the sequence of pulses produced by multi-tap
delay lines. For purposes of this contract, the J-K flip-flop--logic gate

method of pulse generation was chosen on the basis of cost, availability,
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and performance. The general scheme involves using each flip-flop to drive
its successor, in a ripple carry fashion to derive a series of binary

counted digital bits (or addresses) and their complements. These binary
digits are then used to gate the successive clock pulses, one at a time to
successive outputs. The same gates could also be used for random access to
the matrix if binary addresses are available, as from a computer, card reader,
tape recorder, or remote interrogation signal source. Since these signals
were not available for the test model, provision was only made for internally
generated binary sequential addresses. Figure 21 illustrates the general
interrogation scheme. Future development of monolithic shifting or counting

registers may replace this system when random access is not essential.

The horizontal and vertical scan generators have approximately the same
logic configuration. Refer to Figure 22 in connection with the following
description. The following terminology will be temporarily adopted to be
consistent with common matrix terminology. Columns will be driven with the
high repetition rate horizontal scanning pulses, and rows will be driven
with the vertical scanning pulses. The clock pulse source drives the 8 J-K
flip-flops (labeled 358) on the column driver board, (a partial detail of
the decoding logic is shown), along with the gates for driving the sync and

blanking signals.

The column blanking signal is used to drive the row gate logic board.
Thus, the row gate control current is gated only during the column unblanked
period to provide a small blanking pedestal on the video output waveform.
The only difference in the row gate logic is the inverted logic pulses in
the rows with respect to the column logic pulses. This is to accommodate
the PNP and NPN drivers respectively. The logic counting is in even powers
of Z and is chosen such that operation is near conventional TV rates. Each

8

circuit board counts to 27 = 256 before recycling.

2. Transistor Gates

The matrix is driven by NPN transistors in the columns and PNP tran-

sistors in the rows. The transistors are operated in the switching mode
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and have very large collector resistances to minimize power dissipation and
DC signal current. Hence, any large current which can flow must flow through
a matrix storage element. The large resistors aid in reducing cross talk due
to a common power supply impedance since they are many orders of magnitude
larger than any practical power supplies. Note that the row gates (Figure 23)
are driven by DC coupling to eliminate the need for large coupling capacitors.
Hence, they have excellent low frequency response. All transistors relax to

a nonconducting state when pulses are removed and are active only when pulsed.

3. pE Equivalent Circuit

The operation of the circuit of Figure 23 can be understood more easily
by first considering the equivalent drive circuit shown in Figure 24 for a
single element. The relative voltages on the row and column lines are those
given by the relative voltage diagram of Figure 23. Consider Figure 24 in
its relaxed state; i.e., the Row Gate Switch open and the column driver
switch open. The matrix element will "see" a bias whose polarity is reverse

to its diode and equal in magnitude to VE + VD +V Closing the row gate

o
switch (column driver relaxed) will apply a reverse bias to the matrix element

equal to V Closing the Column Driver switch will apply a reverse bias to

the matrixcelement equal to VR (with row gate open).

Interrogation of a matrix element corresponds to closing the column
driver switch during a time interval in which the row gate is already closed.
A transient current will flow through the video current detector charging
the matrix capacitor from VD. Once the capacitor is charged up, the signal
current will drop down into the noise level and will be of no consequence.
Advantage of this fact is taken in the relaxed fall time of the column
driver stage to simplify it, and in the operational model the true fall time
constant may be several interrogations long. The amplitude of the charging
current pulse is proportional to the degree to which it was discharged by its
shunting photoconductor since its previous interrogation. The matrix element

operation is detailed in the following section.
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Referring back to Figure 23, a typical charging path for a matrix
element is traced by the dotted line. The charging path flows through
the matrix element, one row gate, one column driver, the output amplifier,
and the supply battery. Note that the control current to the row gates
also flows through the output amplifier to form the blanking pedestal.
External processing would be used to produce a standard blanking pedestal
if required. All unpulsed matrix drivers are relaxed to a high impedance
state, and hence a negligible current will flow from each one of them.

For a large matrix, each of these currents may add up to a small amount
and a threshold-type circuit can be used to separate them from the signal.
This also is a design constraint on the matrix itself, since the threshold

should only be a small fraction of the total signal.

L. Feasibility of large Array Scanning

Several different approaches to assembling a large set of scanning
elements are possible. The major problems are mechanical in nature, and
are centered around providing a reasonable fan-in structure of wires from
the driver stages to the matrix itself, without introducing an uncontrollable
amount of stray coupling paths. The output stages will then be required to
be of a custom microelectronic form, either a string of clocked flip-flops
each driving the next at the clock pulsed or a decoding matrix and binary
address generator. Detailed circuit analysis have not been performed,
however, qualitatively less interconnection problems will exist with a
string of clocked flip-flops, operating in the desired mode of our output
stages. PNP and NPN flip-flop would be required for rows and columns respec-
tively if additional driver stages are to be eliminated. In contrast a
matrix of gates would fulfill the requirements also, requiring much less
investment in devices, but more in packaging. It is possible to double
the number of gates on a single board (compared with the demonstration model)
and stack 8 of these boards to achieve a reasonable packing of the required
gates for rows or columns using existing techniques. The production of cus-
tom microcircuits mounted on a common substrate could produce the required
scanning in a fraction of the area used for the demonstration model, and this

should be a future goal.
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ITT. IMAGE SENSOR MATRIX

A. MODE OF OPERATION

The image sensor matrix is a two-dimensional array of photo-
sensitive elements that experience a monotonic change in electrical
resistance when illuminated. Each photosensor corresponds to one resolv-
able element of the image focussed upon the array. To form a video signal
a known voltage is applied across each two terminal element in turn, and a

current flows that is proportional to the illumination.

These elements are interconnected by an x-y matrix of conductors,
where one element is located at each conductor intersection. The number of
conductors required equals 2N, for an array of N rows and N columns. ITf
individual connections were made to each photosensor, at least N2 conductors
would be required. Figure 25 illustrates such a matrix and the interconnec-

tion of each photosensor.

In such a matrix, however, each photosensor has a common connection
with N-1 elements of the same row and N-1 elements of the same column and
some form of switch must be provided to allow selection of the proper element.
In all of the systems investigated and discussed below, a semiconductor diode
is used in series with the photosensor with its impedance controlled by the

applied voltages of the scanning circuitry. Figure 25 also shows this element.

A number of photosensor configurations have been investigated during
this contract. The first to be studied consists of a series photoconductor
and semiconductor diode at each matrix intersection. A low resistance photo-
conductor is required with a resistance range of approximately 10 to 1000
ohms, because of the restricted impedance change available in the diode switch.
Such photoconductor elements, however, are difficult to fabricate. The high
resistivities of properly prepared CdSe and CAdS photoconductor material
require element geometries with a high area/conducting length ratio to obtain
low resistances. Elements fabricated with interdigital electrodes and util-

izing the surface conductivity of polyecrystalline photoconductors need a high
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folding ratio and consequently, a large area. ZElements fabricated in a
"sandwich" structure, using transparent electrodes and the bulk conduc-
tivity of CdS single crystal photoconductors, were not successful,
exhibiting irratic and nonreproducible results. Samples of CdSe were
prepared in an attempt to improve the optical time response, but because
of the high absorption coefficient, no bulk photoconductivity was observed.
Such thin samples of single crystal material are brittle and present a

difficult fabrication problem.

The second photosensor configuration studied relieves some of the above
difficulties. A parallel combination of photoconductor and capacitor, in
series with a semiconductor diode, is placed at each matrix intersection.
The capacitor receives a charge from the scanning circuitry and slowly dis-
charges through the photoconductor. The amount of charge that must be added
at regular intervals to re-charge the capacitor is a measure of the photo-

conductor, and therefore the illumination.

The time constant of the photoconductor capacitor combination is of the
order of the time between successive interrogations. For conventional tele-
vision frame rates of 30 per second, capacitor values of the order of 100 pf
can be used with high resistance photoconductors of approximately 300 megohms,
highlight illumination. These photoconductors occupy less area and are
simpler to fabricate than low resistance photoconductors. The reverse bias
leakage resistance of the switching diode must be high, to prevent capacitor
discharge that is not a function of illumination. This leakage path sets a

limit on the low light level sensitivity of the image converter.

In operation, the charge storage made offers an extremely high gain
mechanism. The output signal obtained upon interrogation is the ratio of

charge to time.
. NQ
i = —
o ATO

The charge on the capacitor is determined by the amount of incident light,
which for a photoconductor is directly proportional to the incident photons,
times the quantum gain, (G).

AQ = GIi ATi
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Thus the transfer function can be written as
A Ti
b T 8L RET
o}
For standard TV rates, ATi =3 X 10_2 sec and ATOS‘ 2 x ]_O_T sec. The system
gain is then 105, times the gain of the photoconductor. It is this feature
which makes the charge storage mode more feasible than the straight photo-
conductor detector scheme. This capacitor-photoconductor-diode configuration

has been the most successful matrix element to date.

A third photosensor configuration utilizes the light sensitivity of the
switching diode, eliminating the photoconductor. The matrix element consists
of a series connected charge storing capacitor and light sensitive diode. The
diode reverse leakage resistance is a function of illumination and can control
the capacitor discharge through the external scanning circuitry. Figure 26
shows the illumination characteristics of an epitaxial diode. The leakage
resistance at 10 foot lamberts is approximately two orders of magnitude higher
than desired. Reducing the value of the storage capacitance would restore the
required time constant, but would also reduce the stored charge and image con-
verter performance. Increasing the diode junction area to reduce resistance
degrades performance by increasing diode switch capacitance. A more satis-
factory solution is to reduce the frame rate, suggesting that the scheme may

be applicable where slow scan readout is employed.

A further photosensor configuration employs a phototransistor in series
with a diode switch. Figure 27 shows the illumination characterstics of a
single element, interrogated by 0.3 psec pulses at a frame rate of 30 per
second. Output currents are of the order of a few milliamps. Additional
tests performed with the microelectronic scanning circuitry and a single
element phototransistor diode pair indicate promise for this configuration.
The spectral sensitivity of the silicon phototransistor, however, covers a
range from 6000 2 to 10,000 X in the infrared. In addition, a large gain
(photons/electrons out) is available from photoconductors, and not available
from the phototransistor, although the latter is capable of current gain by

a factor of B.
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B. EQUIVALENT CIRCUITS

1. Delay Line System

The schematic diagram of a 16 element matrix with delay line scanning
has been shown in Figure 8. The 81 element system whose test results are
presented and discussed below is similarly interconnected. Although the
matrix conductors are not perpendicular, as in a conventional x-y matrix,
each element is in common with (n-1) other elements of the same row and
the same column. Each intersection element consists of a semiconductor diode
in series with a parallel combination of charge storage capacitor and photo-
conductor. This schematic diagram can be transformed to the circuit of

Figure 28, to study the interrogation of a given element.

In the figure, the conducting path of the outside rectangle contains
the signal current. Both activated taps are pulsed simultaneously, over-
coming the voltage knee of the three series diodes, and recharging the
capacitor of the interrogated matrix element. The charging current flows
through the load resistor, from which video output is obtained. The branches
inside this rectangle represent the rest of the matrix and the rest of the
delay line taps, which are theoretically inactive. The parallel matrix
elements consisting of two groups of (n-1) elements, one group of (n—l)2
elements, and two groups of parallel inactive taps. The inactive delay line
taps can be grouped into a single element by assuming that the voltage across
each tap in the group is equal. All intersection elements are thereby
accounted for, since

(n—l)2 +2 (n-1) +1 = n®

Charging currents can flow through these branches and through the load
resistor, adding to the video signal. The waveshape of this signal is pre-
dictable, but it tends to mask the low level video signals, which then can-
not be recovered. In addition, these charging currents disturb the charge
storage capacitors, adding or subtracting small amounts of charge from that
charge previously stored. Note from Figure 28 that these currents tend to

charge the (n-1) element group, and discharge the (n-l)2 group, although
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limited in the latter case by the reversed diode. The disturb signals are
therefore somewhat self compensating, since each element spends a larger per-
centage of time in the (n—l)2 group. The additional diodes added in series
with the delay line taps are successful in reducing both the video noise and
the disturb currents, although requiring more drive voltage. Elimination of
these currents is not possible, however, because of the finite capacitance

of each diode, and the shunt path that exists within the matrix itself. The
effect of this path 1s discussed in more detail below, with the microelectronic

drive system.

As the matrix is made larger by adding more elements, the (n-1) element
groups decrease in impedance, and increased noise and disturb currents flow.
In a coincident voltage selection scheme where no reverse bias exists to
prevent partial switching of shunt branch diodes, the maximum matrix size

is severely limited.

2. Microelectronic System

A simplified equivalent circuit of the transistor scanned matrix is given
in Figure 29. The form of the circuit is similar to Figure 28, discussed
earlier. The outside rectangle is the conduction path for the charging cur-
rent of the interrogated element. The row driver transistor is shown as a
closed switch, and the column driver, as an open switch, about to close. The
battery Vb supplies the charging current. The branches inside this rectangle
contain the rest of the matrix, and biasing resistors and supplies. The open
(inactive) row and column drivers are assumed to be open circuits compared to
their bias supplies and are omitted from the diagram. The complete image
sensor matrix is shown in outline; it is the same as the delay line matrix
of Figure 28, except for the inclusion of interconductor capacitances, CR
(row) and CL (column). RR and RC are the row and column bias resistors. At
points labeled b and c, (n-1) of the resistor are grouped to form one

resistor of reduced value.

58




LIN3W3IT3 XIHLVIN
Q3.1VO0HY3 INI

mpqwsm.nm ma -pHSo.Hﬁopqmaﬁﬁsw"mmgﬁmoHQOHPUmHmOMOHE.mmm.ﬁpwﬁm

i

+
G

Qy

¥3AIH0A -
NWNT02

? ull+
NN

h Wmuwls apstig L
@ ©) y A+8A =

:

e e e e e e e e e e e e . ——  —— —— —— L@
XIHLVW YOSN3S 3IoWI

|||||| e R |
s - e = e o] p = ——— — —9 |
uu_ | _ |
e L | g
it ” ! >mm
“‘ 1T _“—@4\/\/\!-
| 1
T
_ |
SINIW313 XINLVW
3TV Hvd ONINIVWIY ,(1-u) H_i |
NI SIN3W3 3 2 |
XIHIVW (1-Y) G . _.,“_nv _ Oy
_ |
_
|
et 1

H3HNdAY

03alA

<
uly

43AINQ
Moy

59



In many aspects, the microelectronic scan differs from the delay line
system. The appropriate row driver is always closed for the scan of a
particular row, acting as a switch. The column driver only generates the
voltage pulse. Precise pulse coincidence is not involved. With the appro-
priate column driver open, all elements are reverse biased. When the column
switch closes, the selected matrix element is recharged with a voltage, Vd,
that can be many times greater than the diode "knee" voltage. Noise and
disturb current flowing through the other matrix elements are reduced by
a sufficient reverse bias that keeps these diodes off at all times. Some
of this current can return to ground through the bias source without flowing
through Rin of the video amplifier. However, a current path exists within
the matrix itself, that shunts the interrogated matrix element, and may

eventually limit the size of the matrix.

Figure 30 shows another transformation of the equivalent circuit of

Figure 29, eliminating the high resistance bias resistors, RR and RC’ the
low capacitances, CR and CC and reducing each parallel matrix element group

to a single capacitance. The labels, a, b, c, and d in Figures29 and 30
correspond. This equivalent circuit is valid only for the transient analysis,
since all bias resistors are not shown. The capacitances Cl and 03 are those
of the (n-1) element groups; C, refers to the (n—l)2 element group. The

resistance, RR/n-l, and RC/n—l return to ac ground.

A high pass filter of these five components shunts the interrogated
element. The capacitance of a matrix element is the series combination of
the reverse bilased diode and diode stray capacitance Cd, and the charge
storage capacitance, Cpc' In the 30 x 30 element matrix, Cpc = 100 pf and
C. = 2 pf approximately. The total capacitance, therefore, is approximately

d

equal to Cd. The capacitances C, and C, equal (n-1) (cda), and C, equals

3
(n-l)2 (Cd). TFor the 30 x 30 matrix and the value of Cd given,

C, =C, =58 pf

L 3
02 = 1682 pf
The series capacitance of Cl, 02, and 03 is approximately Cl/2 = 29 pf.
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At interrogation, the selected diode is heavily forward biased and of
low impedance. Therefore, the capacitance of 29 pf is directly in parallel
with the 100 pf of Cpc' Potentially, 22.5% of the video current has flown
through this shunt. The actual value can be made somewhat less, depending
upon the value of resistors, RR/n—l, and Rc/n—l, to ground. The bias
resistors for the microelectronic driver in use are equal to typically 100K ohms.
The shunt resistors for a 30 x 30 matrix are therefore 3.5K ohms approximately.

This corresponds to a time constant with Cl and C, of approximately 100 nsec.,

3

which indicates little conduction through the resistors to 20 nsec. driving

voltages.

These resistances can be reduced to shunt this noise current to ground.
However, this will be done at the expense of increasing the disturb currents.
The following discussion of the magnitude of the disturb voltages will explain

the trade-off available.

When the resistance at nodes b and ¢ are high, the driving voltage from

node d to node a divides almost entirely between C, and C,. These voltages

1 3
further divide according to the ratio of Cd to Cpc' The disturb voltage to

appear on the charge storage capacitors of C, is somewhat less than 0.01 VD.

1
A large reduction in the value of RR/n—l would put Cl directly across VD’

doubling the disturb voltage.

Note again that C, receives the disturb voltage in the reverse direction.

2

That is, 02 tends to be discharged, where Cl and 03 are charged. Although

the disturb voltage across C. 1s smaller than the voltages across Cl and C

2
each element spends a proportionately longer time in the "02 group" as the

3

matrix is scanned. The disturb voltages are therefore somewhat self compen-
sating. It appears advisable to use higher values of RR AND RC, changing
values only to minimize the disturb voltage effect by equalizing the charge

and discharge values.

The general expression for the shunting capacitance of Cl’ 02 and C, in

3

series 1s approximately

(Eéi Cd, for larger n.
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The expression for the percentage of total charging current that

flows through the shunt is approximately

100 %
2 C_
pc

(n-1) ca

To reduce this percentage, and yet increase n, the ratio Cpc/Cd must

be increased.
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IV. DEVICE FABRICATION

A. SUMMARY OF MATERIALS AND DEVICES INVESTIGATIONS

Demonstration of the operating principles of the solid state image
detector, as established by the circuit analysis and individual component

breadboard models, has been attempted with a deposited structure.

Selecting the charge storage image matrix approach, the following

idealized relationships were known:

Cpc > Cd

Rd(leakage) > Rpc (dark)

series Cpc < 0.1 usec

Rpc(llt) CpC:: 30 msec

A predominating influence upon the values selected is the allowable surface
area for each of the elements. The resolution selected for this first
attempt at an integrated image matrix structure was 50 lines/inch. Thus a
total area of 20 x 20 mils could be used for each resolution element. As
will be further described in later sections, to achieve isolation between
elements, an area of only 16 x 16 mils was utilized for the deposited com-

ponents.

Although there are many methods of implementing the derived circuit, it
was decided that the most favorable approach would be to always select the
optimum material to fulfill each particular component requirement. Using
this approach, even though introducing additional materials process diffi-
culties, the highest probability of demonstrating the system feasibility
would be obtained. It is primarily for this reason then that a silicon diode

CdSe PC, and a silicon dioxide capacitor were selected as the final

materials.

The circuit that must be fabricated is that indicated in Figure 28, that
is a parallel combination of a capacitor and photoconductor, together in

series with a diode. Thus, in addition to the three basic components;
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interconnections, electrodes, and isolation techniques had to be developed.
Development of the needed techniques took place in two steps; first as

individual components and second as an array structure.
B. TISOLATION DIODES

The image converter design requires a means of voltage sensing. The
device which accomplishes this sensing must have a highly nonlinear current-
voltage characteristic with a breakpoint located at a critical threshold
value of voltage. In addition, the two-terminal electrical characteristics
of this nonlinear switching device must include a low series resistance (on
the order of a few ohms) and a low zero-bias capacitance (a few picofarads).
Since a silicon diode can have fairly nonlinear current-voltage character-
istics and has a breakpoint in the range of 0.4 to 0.6 volt, it was decided
to use an array or geometrical matrix of individual diode elements on a
common silicon substrate with proper electrical connections as the voltage
sensing device. This choice is consistent with the system design philosophy
of utilizing the optimum material for each component. While this poses con-
straints on the fabrication, it assures the highest probability for determin-

ing the true potential of the design.

A diode having a capacitance at zero bias of 2 picofarads and a series
resistance of 1 ohm would have a theoretical varactor diode cut-off frequency
° £, = R o - 8 x lOlO cps
or 80 gigacycles. The design of such a diode for use in a varactor ampli-
fier would indeed be formidable; however, the limits are not as severe in
this application. In order to lower the series resistance in the "on" state
(bias greater than threshold voltage), conductivity modulation of a thin
semi-intrinsic base region of the diode may be used. If the ratio of base
thickness, L, to ambipolar diffusion length, L*, is less than unity, then
little voltage drop across the base region will result under high injection
conditions. At the same time, the low impurity concentrations of the semi-

intrinsic region will form a longer zero-bias depletion region at the Junc-
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tion and hence reduce the capacitance. As a particular example, for 100
ohm-cm n-type silicon, the donor atom concentration (assuming complete

ionization) at room temperature is about 5.2 x lO13 atoms/cm3.

Assuming degenerate doping on the p-side of the junction with a cor-
respondingly negligible depletion layer, the depletion layer width in the

n-type base region is given by
1/2

) cm

6 (e(VO— Va)

= l.OS x 10 W—

ta
At zero bias, Va = 0 and VO is essentially given by the difference between
the fermi levels on the two sides of the junction expressed in electron-
volts. In this case it is assumed to be approximately 0.6 eV. The zero

bias capacitance is then given by

1/2
1.05 (Egzgé—) uf/cm2
o

Q
Il

or for silicon, C 2.77 uf/cmg.

I

Then, for a total junction capacitance of 2 pf, the area, A, is given by

-12
A= =2x10 7 = 7.23 x 10° cm

2.77 x 10~

2

3

This corresponds to a circular area with a diameter of 9.6 x 10 - cm
or 3.77 mils, a reasonable size for diodes to be fabricated in an array.
Therefore, the only difficulty lics in maintaining a low series resistance.
Since the depletion layer depth is 1.06 x lO_lO cm or 4.17 x 10—8 mil, there
is little chance of the depletion layer "punching" through a high resistivity

base layer of any finite measureable thickness.

Evaluation of the available devices produced by the G.E. Semiconductor
Department indicated that a closely matched device was available in an array
form. The SD-300 diode is a 4.2 mil diameter diode on 20 mil center-to-center

spacing. The forward characteristics are shown in Figure 31l.
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Evaluation of the critical parameters indicate the following

results:
10 11
Rleakage o7 - 10 ks
Czero bias 1.5 - 2.5 pf
L
Rforward < 10

A further requirement on the diode is that is withstand the subsequent
processing steps, including sputtering of electrodes and firing at photo-

conductor processing temperatures.

After sputtering .016" x .016" platinum contacts over the diode dot
and firing at 480°C for 30 minutes (the processing temperature for CdSe
photoconductors) the leakage resistance was found to be unaffected, or

actually increased in some cases.

The capacitance formed between the 16 x 16 mil platinum area and the
n-type silicon, the thermal SiO2 being the dielectric, acts to shunt the
diode and increase its capacitance. A total effective Junction capacitance
of 5.4 pf was measured across a single unit, indicating a parallel capaci-
tance of 3.4 pf in addition to the 2.0 pf junction capacitance. This is one
definite limitation to the present device and any future devices of higher
resolution would have to minimize this added capacitance. There are two
effective methods to do this: increase the thickness of the thermal SiO2

on the Si wafer, or else reverse the diode wafer and build the structure

on the n-type surface where there would not be any effective shunting.

In addition to performing the isolation, the entire diode array is
used as the substrate upon which the photoconductor-capacitor films are
deposited. A particular advantage to this is that the single crystal sili-
con can be cleaved on several different planes, thus offering the possibility
of isolating rows and columns by mechanically separating the individual

elements. This is discussed in a following section.
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C. THE CAPACITOR DIELECTRIC: PLASMA DEPOSITED SiO2

In order to provide capacitors with low dielectric losses, high values
of capacitance with small areas, and stable characteristics, a good thin
film dielectric was an absolute necessity. ©Since the overall microstruc-
ture requirement imposed processing temperature limitations and required
pin hole free oxides which were not hygroscopic; thermally grown, sputtered,
evaporated or thermal pyrolytic processes involving the deposition of S5i0O
and SiO2 were not sitisfactory. Thin film capacitors have been successfully
formed by a process” which deposits thin pin hole free films of 8102 at room

temperature by employing glow discharge techniques.

As with thermal pyrolytic processes, an organic source (tetraethoxysilane)
is employed, but in this process it is pyrolyzed by an ac induced glow dis-
charge. An r.f. plasma is formed in oxygen which surrounds the substrate.

The tetraethoxysilane vapor is then fed into the reaction chamber in the
vicinity of the substrate. This vapor is pyrolyzed by the oxygen plasma

and 8102 is deposited directly on the substrate while the reaction products
are continuously pumped out. While only oxygen was used during the course of

this project, argon-oxygen can also be employed.

The flow system for this process is shown in Figure 32. The tetraethoxy-
silane source temperature is cooled via a thermoelectric cooling apparatus
so that the source vapor pressure can be held to a controlled level. The
oxygen is introduced via a lead valve and its flow rate is continuously
monitored with a flow meter. The pressure inside the chamber is monitored
with both a McCleod gauge and a thermocouple tube gauge. The cold trap is
immersed in liquid nitrogen and collects the condensed volatile by-products
of the reaction as well as any unused source so that contamination of the

vacuum pump o0il is minimized.

The glow discharge reaction chamber is shown in Figure 33. The substrate
1s supported as a fused quartz pedestal; the pedestal itself is hollow with

openings cut in it to allow the various reaction products to be pumped out.

1
S. W. Ing, Jr. and W. Davern, J. Electrochemical Soc., 112, 284 (1965)
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The glow of the ionized plasma occurs mainly between the two electrodes,
but extends far enough down into the region where the substrate is located

so that bulk of the reaction takes place there.

The oxide films thus formed are amorphous, quite free of pin holes
when deposited onto flat smooth substrates, chemically inert, have an
index of refraction of 1.5 + 0.1 (measured with 5L60 2 illumination), and
have values of dielectric constant lying in the range of 4.5 to 5.5. It
has been foundl that capacitors formed with this dielectric show lower
loss tangents when formed with low deposition rates (low source temperature

and hence low vapor pressure).

The process as used to form capacitors for the image converter structure
involved first the evacuation of the plasma chamber, establishing the equil-
ibrium oxygen pressure between 90 and 100 microns and then prebombarding the
substrate with the plasma prior to deposition. When a pressure equilibrium
had been reached with the plasma on (at pressures of 100 to 130 microns), the
source was turned on. The best capacitors were formed when the thermocouple
gauge was kept in the range of 25 to 35 microns (the actual Mc(Cleod gauge

pressure varied between 150 and 180 microns).

Capacitors formed on glass substrates with previously sputtered platinum
bottom electrodes and subsequently evaporated metal film top electrodes were
evaluated with respect to both capacitance and leakage. The best capacitors
were formed using an SiO2 film thickness of at least 1500 . Capacitors made
with 1000 & SiO2 film thickness (and sometimes with 1500 K) showed excessive
leakage due to shorting. It is believed that this may, in part, result from
irregularities at the edges of the sputtered platinum bottom electrodes which
arise from the KPR process used to define the area of these electrodes. This
difficulty lead to the choice of 2000 2 for the thickness of the 8102 film

deposited on the final image converter substrates.

The structure used to evaluate the capacitors utilized sputtered platinum
rectangular base electrode on a microsheet glass substrate, with the dimensions

of 10 mils by 16 mils. Five such areas on 20 mil centers are on each substrate.
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Over this, 1500 2 of SiO2 was deposited. The top electrodes were formed
by evaporating a 1000 R thick stripe of gold. Both the leakage resistance
and capacitance were measured prior to and after a post firing in air at
480°¢ for 30 minutes. This firing simulated the sintering process needed
for the photoconductor to be added at a later part of the image converter
processing. The capacitance was measured using a 3 volt rms signal at one
megacycle with a Boonton model T5A bridge. The leakage was measured with a

10 volt dc bias and a Bruel and Kjder model 2423 megohmmeter.

The results are shown below. The capacitances of the four separate
electrode areas are quite uniform both before and after firing with a change
of approximately 24% between the two sets of measurements. Samples 3 and L
exhibited lower resistance values after firing; this may be caused by metal

migration into the films near the edges where the Si0, may have been much

2
thinner than the 1500 2 nominal values as previously discussed.

Before Firing After Firing
Sample C(pf) R(ohms) C(pf) R({ohms)
1 37 L x 107 28 10™°
2 37 lOlO 28 lOlo
3 37 lOll 28 5x 106
L 36 1oll 28 2 x 107

If a relative dielectric constant of 4.5 is assumed for the deposited
Si02, then the calculated value for the 10 x 16 mil capacitor is 27 pf,

which agrees well with the cells having undergone post-firing.
D. PHOTOCONDUCTORS

1. Theory and Operation

The photoconductor, as used in the image sensor matrix, provides the
important transformation of photons to electrons, allowing the incident
light intensity to be measured electrically. In the mode of operation

selected, the photoconductor serves to discharge the charge storage capacitor

73



in proportion to the light received. As shown in section III-A
A Ti
b ¢ TRT o h
o
where G is the gain of the photoconductor in units of electron/photon.

From this expression it is apparent that an increased photoconductor gain

will increase the sensitivity of the device.

Although most semiconductors and many elements exhibit photoconductivity
the gain function is not present in most materials. It is only those
materials which exhibit impurity photoconductivity which exhibit gain.

Most important among these materials are CdS and CdSe, although other
important photoconductive materials having lesser gain are PbS, PbSe, and

TlQS.

Photon excitation of the photoconductor releases electrons and holes
from the valence band and raises them across the energy gap of the particular
material used to the conduction band. From the conduction band these free
carriers are recombined at capture centers which exist in the host crystal.
For most materials the holes are quickly captured and only the electrons

contribute to the conductivity of the material.

The recombination centers are of two types; thermal, which lie Jjust
below the conduction band, and from which the electron may be thermally re-
leased, and ground states which are more remote from the conduction band

and from which photon excitation is required for release.

During the lifetime of the free-electron, which includes only the time
during which it is in the conduction band, the conductivity of the material
is increased. When electrodes are attached to the photoconductor and a
potential is applied across these electrodes, the free electrons are accel-
erated in the direction of the field. If during the lifetime of the free
carrier more than one electron can leave the photoconductive material through
one electrode, being simultaneously replaced with an electron from the other
electrode, the photoconductor is said to possess gain and a current will flow
in proportion to the number of optically excited carriers. Gains in the order

of lO3 electrons/photon have been observed in CdSe cells.
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2. Materials

The high gain achieved by the recombination center effected lifetime
is desirable for the image converter. It is only necessary to provide the
proper number and type of defects to create the recombination center. It
is a consequence of the achieved gain, however, that the response time is
decreased. Thus it is necessary to consider the gain-bandwidth product
for the materials, and from the trade-off between of the response time

and gain to select a photoconductor.

CdSe and CdS both have G-B products of about ]_O5 for low light levels,
but the CdSe is nearly an order of magnitude faster, at the sacrifice of
gain. Thus even though a more sensitive element could be achieved with
CdS cells, the response time would not be well suited to the eventual device.

For this reason CdSe was chosen for the program.

Photoconductive CdSe is prepared by properly doping raw CdSe polycrystal-
line material with copper (acceptor center) and chlorine (donor center). 1In
addition a CdCl2 fluxing agent is used in the sintering process to achieve
a uniform doping.

Although the material preparation techniques were developed for sprayed
polycrystalline cells, the same doping level of 100 ppm copper and 100 ppm of

chlorine was found to give optimum results for the sputtered cells.

3. Electrodes

In general, almost any conductor will provide an electrical contact to
a photoconductive layer. If an ohmic contact (linear V-I characteristic) is
required, then the work function of the metal must be less than the work
function of the semiconductor (for n-type material such as CdSe). This pic-
ture is considerably effected by the addition of surface states present in
the sintered polycrystalline material. Nevertheless, in order to achieve a
near ohmic contact, many commercial photoconductors utilize indium or aluminum
electrodes. These electrodes are added, after the firing process, to the top

surface of the CdSe. In the circuit structure required to fabricate the image
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converter it is necessary to have the electrode on the bottom of the photo-

conductor, hence deposited prior to firing.

Several metals were investigated to contact the CdSe. The requirements
were that the material selected be:
(1) possible to deposit in detailed pattern on the silicon wafer,
(2) make a non-rectifying contact to the CdSe,

(3) be stable under the photoconductor firing process.

Although aluminum and gold fulfill the first two requirements, they would not
withstand the atmosphere generated by the MBOOC firing of CdSe. Platinum is

the only metal that was found to be satisfactory on all three requirements.

The platinum pattern was deposited by a photoresist stripping process.
The silicon wafer, (or glass plate in initial studies), was coated with a
reverse KPR pattern, i.e., no KPR in areas where the platinum was eventually
desired. The platinum was then deposited over the entire plate by either
sputtering or evaporation. To increase adherence, a flash of nichrome was
first evaporated over the entire surface. This step was introduced when the
earlier platinum-only electrodes separated from the silicon in subsequent

processing.

To produce the final pattern the entire plate is placed in KPR stripping
solution and as the inverse KPR pattern is removed, the platinum on top of
the KPR is lifted from the surface. Thus only the desired pattern of platinum

remains on the substrate.

This technique was the only satisfactory method found, other than deposi-
tion directly through a metal mask, to deposit platinum. The metal mask
was not used because of the difficulty of aligning it with the diodes already
on the wafer. The standard etching techniques were not suitable because the

hot aqua regia used for the platinum attacked the silicon wafer too rapidly.

The one problem seen during the project was the questionable edge shape
resulting from the stripping process. In effect the platinum 1s torn apart
and as such makes a potential point of breakthrough for the capacitor to be

formed. This is discussed in the section on capacitor dielectrics.
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L. Deposition Techniques

A large number of photoconductors have been fabricated during the past
several years by a spray and sinter technique. Ratios of light-to-dark
current were extremely high for these, (>10") and the cells were reason-
ably reproducible. However, the spray process does not lend itself to
deposition of the small areas required by the image converter specification.

For this reason a vacuum deposited technique was attempted.

Sputtering was selected over evaporation due to the tendency of the
individual materials in the photoconductor material to evaporate at different
temperatures and thereby greatly change the impurity levels. A diode
sputtering apparatus was selected for reasons of its simplicity, ease and

speed of operation. It consists of a liquid N, trapped pump-station, a

pyrex bell jar and a DC power supply. A dual ieedle valve allows to adjust
the (bottle) argon atmosphere in the 8" diameter bell Jjar to a suitable
pressure, maintaining the same current and voltage values within and from

run to run. Thermocouple pressure monitoring is performed, but considered

of secondary importance since the actual pressure within the plasma is more
accurately reproduced by adjusting the argon inlet valve. This, of course,
is assuming a constant vacuum thru-put and no mechanical variations of the
air passages around the samples, electrode supports and base plate. Innumer-
able other variables such as electrodes, gas temperature, and vapor pressure
of materials to be sputtered were assumed to be about equal from run to run,
since sputtering times and materials were essentially the same. In an actual
sputtering run the current density on the CdSe over-coated aluminum cathode
is maintained at 0.3 ma per cm2 in order to keep the cathode temperature rise
low. The applied voltage of 1.5 kv was selected at a point for which the
aluminum cathode would not deposit onto a substrate and yet the CdSe would

readily sputter.

A typical deposition consists of cleaning the general glassware within
the bell jar and after oven drying, a pump down of the system to assure dry-
ness. An etched aluminum cathode with a sprayed photoconductive CdSe layer
is then inserted into the cathode holder. The holder serves as the lead in

contact for the negative potential from the regulated DC power supply.
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A large number of experiments were performed using the doping levels of
the CdSe target as the variable parameter, with the outcome of these tests
the selection of the standard doping levels used in sprayed photoconductors.
Additional discussion of this parameter is contained in the following

section.

The substrate to be coated is placed on an insulated pedestal between
the aluminum base plate and the cathode. Since this distance is of importance
in respect to the rate of deposition, and other effects, care has been taken
in maintaining this parameter. The system is flushed with argon and after
reagching a vacuum level of about 1lu, argon is leaked in to achieve the
sputtering atmosphere. The actual sputtering is initiated by applying the
voltage to the electrodes. A slight adjustment of the argon leak valve must
be made after a few minutes of sputtering since adsorbed gas layers on the
glass surfaces are, in time, removed by the plasma. A steady current is
generally obtained after 3 minutes and is maintained for a total of 30 minutes.
Ten minutes of cooling are allowed before removal of the sample. A total of
120 testing samples have been made, one sample at a time. The rate of deposi-
tion has been between 8 to 9 angstroms per second for essentially all of the

samples.

5. Development of Sputtered CdSe Photoconductor

During the CdSe development a standard test cell was used. This con-
sisted of a coplanar platinum electrode on a glass substrate. 8Six individual
cells, each having a folding ratio (length of gap/width of gap) of 200, were
deposited.

Throughout the study, the results were compared with the average sprayed

array, since these were considered to exceed the requirements for the project.
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Cell No. IL(ua) ID(p.a)

Plate Sl 1 1200 < 001
2 1200 < .001

(s for sprayed) 3 800 <.001
L T4O <.001
5 1100 <.001
6 1.200 <.001

T1llumination level: 1 Ft.-candle

Bias : 30 VDC

The initial sputtered CdSe photoconductor was made from the identical

doping levels and performed as follows.

Circuit No. IL ua ID pa
Plate No. 1 1 .8 .058
2 .006 .0038

3 1.00 .26

N 1 .16

5 .06 .01

6 5 .05

Sputtering parameters were:
E =1.5 kv, I =6nma, Time: 1 hr. Pe=30 u
Cathode to target distance 37 mm

Post firing 15 minutes at 400°C in N, + 1% 0,
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Variations of several parameters connected with the sputtering mechanism -
such as current density, voltage, pressure and so on, produced only minor
improvements. For a considerable number of experiments an average light-to-
dark ratio of 20 became almost a standard value. Generally, the obtained
light currents were much too low and showed excessive variations over the
6 test cells on one plate. Dark currents ranged too high and were distributed

in a similar fashion.

Emission spectroscopic techniques were initiated at this point. They
were chosen for the employed doping levels of 100 ppm which are well within
the range of this method. The suspected change in stoichiometry ratios was
confirmed. Additionally, there was a complete lack of copper in the indicated
readings. This reading was compared with a sprayed cell which indicated a

strong copper content.

Tracing the process history of the material established that the
sputtering cycle introduced the most serious modifications of the CdSe:Cu
ratios. Approaching this problem by an empirical method established that
at a cathode to target distance of 7.5 mm all materials were present in the
sputtered sample, as indicated by emission spectro-analysis. However, a

typical test plate measured for photoconductivity showed no improvement.

Plate 11 Circuit No. I I

L D
1 1.0 .38
2 2.0 1
3 1.0 .52
L 3.k 2.2
5 no contact
6 no contact

As can be seen by comparison with plate No.l, the previously mentioned gain

of 20 had dropped to an insignificant value.
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An increase of cathode-target distance to 18 mm showed a slight improve-

ment of IL/D ratios.

Plate 13 Circuit No. IL La ID ua
1 48 Ok
2 oL .05
3 .T2 .06
L .52 .03
5 no contact
6 .66 .0k

The observed drop in light current suggested a needed change of copper doping

levels.

A new series of samples were made from starting material containing 25

times the Cu impurities, again varying the cathode to target distance.

Test Plate No. 1k Circuit No. I ua T
D pa
(at T.5 mm distance) 1 .007 002k
2 .0l2 .0022
3 .018 .0018
I .012 .0022
5 .22 .0018
6 .018 .0016
Test Plate No. 17 1 .003 .001
(at 22 mm distance) 2 L1k .005
3 .08 .003
L no contact
5 .20 .006L
6 .18 .006
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From this series of tests it was assumed that the important factor was
to transport a certain amount of copper. Since this could be effected
either by distance or concentration, the control of distance with the copper

concentration held at 100 ppm was chosen.

The one key process step that had not been studied was the firing
process. Up to this time the plates were fired in an atmosphere and furnace

similar to that used for the sprayed sample. Fixing the material and sputtering

conditions, a series of tests were made.

Plate No. 19 was post fired at 400°C for 18 hours.

Plate No. 19 Circuit No. IL La ID ua
1 .10 .001
2 .14 .001
3 .015 .0012
L .50 .001
5 .82 .001
6 .28 .00L

After many subsequent test runs it was established that similar results
could be obtained by an increase of firing temperature and shortening of
firing time. However, the individual tests showed large variations and

generally low light currents.

During this phase of the photoconductor-investigation leading up %o
test plate no. Tl, x-ray Lane and diffraction recordings were employed.
Optical transmission measurements were made on many nonelectroded test
plates for correlation of optical and electrical properties of the sputtered
layers of CdSe. It was found that sputtering deposits the CdSe material
with a high degree at hexagonal symmetry. An unfired CdSe layer shows, under
x-ray diffraction, a single peak at 320 (for a Fe target) or 25.20 (for cu)
corresponding to 0002 planes. Laue patterns reveal a corresponding single
d value ring structure. One must, therefore, visualize a polycrystalline

layer where the C-axis is aligned in the direction of growth but is other-
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wise irregularly oriented. Similar measuring methods applied to a CdSe
photoconductor made by a spraying technique show a multitude of crystal

planes as evidenced by diffraction and ILaue patterns.

These results are shown in Figure 34 for the sprayed photoconductor
and Figure 35 for the sputtered photoconductor. Emphasis was, therefore,
placed on obtaining firing conditions which would result in structures
similar to those observed on sprayed materials. This was done fully realiz-
ing that sprayed materials exhibit such highly irregular patterns even before

firing and still need to be fired in order to become good photoconductors.

Modification of the firing conditions indicated that a wide range in
crystal orientation could be accomplished, and in addition that this was
a relative measure of the photoconductivity. Figure 36 shows the results
of a good cell. This compares favorably with that for the sprayed CdSe.

This photoconductor was produced under the following conditions:

CdSe + CdCl2 + 100 ppm Cr + 100 ppm CLl

E = 1.5kV, I =6ma Time: 1/2 hr. P~ 75
Cathode to target distance 18 mm

Post firing 30 minutes at 450°C in air

Post washed in DI water and post rinsed in methanol

Sample No. 65 Circuit No. IL e ID ua
1 5 .008
2 20 .01k
3 7.6 .002
L 10 .001
5 100 .005
6 30 012

These encouraging results were improved by the addition of a layer of CdCl2
onto the test plate prior to sputtering, and are shown under testing of

plate No. T3.
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Figure 35
X-Ray Diffraction Analysis-Sputtered CdSe
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Sample No. 73 Circuit No. IL ™ ID ua
1 5.2 .001
2 L2 .001
3 3.2 .001
L 2.4 .001
5 2.0 .001
6 1.8 .001

Changing the total amount of CdCl2 increased the light current to levels

exceeding the required sensitivity of the photoconductor needed for this

project.
Sample No. 9k Circuit No. I ua I ua
1 17 .002
2 10 .00k
3 12 .003
i 12 .001
5 60 .002
6 100 .001

These results represent an increase of up to lO5 times of the performance

of sputtered CdSe photoconductors at the beginning of this contract.

A number of electrical and optical tests were made on the good cells
in order to compare them with the sprayed material, and to help understand

the mode of operation.

Figure 37 is a transmission spectra of the sputtered CdSe. The shift

in the absorption edge with firing has not been explained.

Figures 38 and 39 indicate the wavelength response characteristic for
a sprayed CdSe cell and a sputtered CdSe cell respectively. The sharp cut-
off in the near IR region can be attributed to the transparency of the sputtered
PC to this light. The wavelength cut-off of about 7200 b on Figure 37
corresponds closely to the drop in electrical response. The broad band
response exhibited by the sprayed cell is attributed to scattering in the
rather thick, porous CdSe layer.
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Figure 37
Sputtered CdSe Transmission Spectra
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Spectral Response of Sprayed CdSe Photoconductor
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Spectral Response of Sputtered CdSe Photoconductor
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Since the actual operation of the image converter depends upon the
change in impedance with changing light level, the light response curve of
Figure 40 was taken. The so-called dark level of lO_h ft. candles is only
a relative point for the log-log scale. The response in the 0.1 to 100 ft.

candle region is supra-linear, indicating a high sensitivity.
E. INTEGRATED IMAGE SENSOR MATRIX

1. Array Design

Based upon the circuit design, the design of the integrated array was

based upon the following methods of fabrication: (see Figure 4l1).

a. Diffused plannar diodes on a silicon wafer. 8SiO, pro-
tective surface on entire wafer, with gold filleg
windows cut to contact p-dot on diode.

b. KPR masked platinum electrode, 16 x 16 mils, centered
over the diode area. This electrode forms one plate
of the capacitor and also one contact to the photo-
conductor. This process has been discussed in section IV-D-3.

c. Vapor reacted SiO2 over the entire wafer at a thickness
of 1500-2000 A.

d. A window, 2 x 16, etched in the Si0, to allow the photoconductor
to contact the base electrode. KPR masking techniques are
described in a following section are used.

e. Top electrode of the capacitor, deposited either by metal mask
or KPR masking techniques. This platinum electrode is 12 mils
wide and extends the entire wafer, contacting 30 intersections.
Thus, in addition to serving as the capacitor and photoconductor
electrode, it also connects the columns together. (The line runs
"into the paper" in this diagram).

f. A photoconductor layer sputtered through a metal mask onto the
two exposed platinum electrodes. After firing the photoconductor,
the matrix array is completed.

g. Isolation of the rows by scribing and cracking the wafer along
its preferred planes. The wafer must then be reassembled into
a mechanically connected assembly and the column leads bridged
across the gap. This will be discussed in more detail in a
following section.
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Sputtered CdSe Brightness Response
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2. Fabrication Techniques

a. Masks

The element size used throughout the development program was a unit
area of 20 x 20 mils, 16 x 16 of which was available for device deposition.
An initial group of masks were made having only 5 elements, but of appro-
priate size and also having fan-out leads to facilitate testing. These are

shown in Figure 42.

The masks for the full 30 x 30 array are shown in Figures 43 and Ll.
The four masks of Figure 43 are: top left: 16 x 16 mil square area to form
first platinum electrode; top right: 6 x 16 areas defining the photoconductor;
bottom left: 12 mil strips forming the column connections, and also the top
contact to the capacity; and bottom right: 2 x 16 mil openings to control

etch pattern in the deposited Si0 Figure 44 shows metal masks made from

X
these negatives.

b. §102 Etching Procedures

Because of the apparent differences in structure between plasma deposited

SiO2 and thermally grown Si02, it was not expected that the etching rates of

the two films with a given etch would be the same. This prediction was quite
correct; the plasma deposited SiO2 etches much more rapidly than its ther-
mally grown counterpart. Several experimental etching solutions were tried

using HF diluted with various portions of H.O and NHuF. The HP content seemed

2
to be the only actual factor affecting the etching rate. The resultant etch-
ing rates of plasma deposited SiO2 with different HF concentrations is shown
below. The etching rates were determined by observing interference color

band shifts as a function of time and hence represent only approximate values.

Vol. of 48% HF Etching Rate
5% 17 R/sec.

10% 30 &/sec.

20% 100 8/sec.
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Figure L2
Test Array Masks
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Figure Lk
Metal Masks for Final Array
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The first etching experiments with the image converter structure were
performed using a silicon substrate with 16,000 2 of thermally grown SiO2
on its surface. Over this a thin platinum film was sputtered in the form
of an electrode pattern. A 1200 2 SiO2 layer then was deposited over the
entire structure. A photoresist layer was then processed over the SiO2 to
provide windows through the resist layer directly superimposed over the
platinum electrode areas. The sample was etched for one minute with inter-
mittant agitation in an etching solution containing 10% by volume of 48% HF.
As soon as the SiO2 was removed and the platinum electrodes were exposed to
the etchant, flashes of platinum floated to the surface. Apparently the
sputtered platinum films had sufficient porosity so that the HF quickly
penetrated them and reached the underlying thermally grown SiO2 layer. The

etching action underneath the electrode was sufficient to lift the platinum.

All other attempts to etch 5102 deposited over sputtered platinum layers
were unsuccessful even though several combinations of etch formulations and
etching times were used. It was, therefore, decided to use evaporated films
for which the anticipated porosity was considerably reduced. Successively
evaporated thin layers (~ 400 2 total thickness) of nichrome and platinum
were used on a thermally grown oxide layer, 16,000 R in thickness. These
metal layers stood up without any apparent lifting to an 8 minute exposure
in a very strong (20% by volumn of L48% HF) etch. This procedure was sub-
sequently used to etch 2 mil by 14 mil windows through plasma deposited 8102
covering these evaporated metal films with great success. A photograph of
one of these windows on a 16 mil platinum square is shown in Figure L5.

Some undercutting was observed but this was the fault of the photoresist
processing and could be improved by baking the photoresist at a higher tempera-

ture.

c. Completed Array

The sequence of photos of Figure 46 indicate the process steps of fab-
ricating the complete wafer. In the upper left is the original silicon wafer

with the 4.2 mil diodes on 20 mil centers.
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Figure 46

ion Steps for Image Sensor Matrix
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The upper right shows the addition of the 16 x 16 mil platinum electrodes
on the surface of the wafer. Several surface imperfections are evident which
have deleterious effects on the capacitor. The picture appears identical

after the deposition of the Siog, so that step will not be shown.

The lower left photo shows the addition of the 12 mil top electrode
spanning the entire column. The 8102 has already been deposited, so each

12 x 16 mil area under this conductor is a capacitor.

The final assembly is shown in the lower right. The large dark area is
the CdSe. It is evident that a great deal of undercutting occurred during
evaporation by the size of these deposits, since the mask size was only

6 x 16 mils.

3. Problems Encountered and Required Development

It was not possible during this program to construct an electrically
operable image sensor matrix. The two areas of difficulty were the capacitor

leakage and the photoconductor edge definitions.

Although it was possible to fabricate good capacitors on glass substrates,
as well as on blank 8102 coated silicon wafers, it was not possible to fabri-
cate a good capacitor on the actual diode array. The solution to this diffi-
culty is believed to lie in the edges presented to the dielectric by the
presence of the diode contact window. Although the diagram of Figure L1 does

not show the scale properly, it will serve to describe the problem.

In the diode processing the SiO2 layer is grown over the entire wafer
to a depth of 16,000 R. A window is then cut above each diode and subsequently
filled with gold. It does not, however, as indicated in the figure, form a
flat surface. Instead there is a cavity that extends 5000-10,000 2 below the
SiO2 surface. This cavity appears to be extremely deep to the subsequent
layers of platinum and vapor reacted Si02, which are only in the order of
1000 R and 2000 & thick respectively. It is thus quite probable that a near
breakthrough occurs at the edge of the cavity, causing the low leakage resis-
tance measured for the capacitor (in the order of a few kolms) Since the
diode is 4.2 mils wide, and the top electrode 12 mils wide, it was not possible

to avoid the diode ridge with the capacitor.
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Several solutions are proposed to this problem, each of which would

circumvent this sharp surface discontinuity.

(a) Make the diode much smaller so as to be able to place it entirely
under the area outside the capacitor. An additional saving here might be
the elimination of the need to etech the windows in the Siog, since the sur-

face discontinuity would serve this function of contacting the photoconductor.

(b) Reverse the structure to place the capacitor-photoconductor structure
on the reverse side of the diode. This was mentioned earlier in conjunction
with the capacitance developed between the 16 x 16 mil electrode and the
silicon wafer, the thermal SiO2 acting as the dielectric. With this struc-
ture on the back side of the wafer, different row-column isolation would have
to be employed. There is no problem to scribe and cut the array into individ-
ual pieces, as this is a standard manufacturing technique used with present
diode and transistor structures. This approach would be acceptable down to

sizes of about 7 mil strips or 150 lines/in.

Photoconductor edge definition limitations are observed on the photograph
of Figure 46. This deposition was performed by sputtering through a metal
mask. Although the basic approach is not new or unique to this project, the
resolution is high for most metal masking techniques, considering the regis-
tration requirements. It is also observed that as long as the photoconductor
does not contact an adjacent photoconductive cell or adjacent column line,

there is no difficulty.

Additional development in this area is necessary to determine the best
possible method of masking the CdSe. An additional approach was briefly
tried, but without immediate success; it involves the photoresist masking
of the areas to deposit the CdSe, much as is done with the platinum. Success-

ful control of either of these processes would eliminate this problem.

4. Array Interconnections

From the earlier discussion of the circuit design and the array design,
the task of isolating the elements from each other is presented. This isola-

tion refers to the separation required between the individual rows and columns.
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One isolation is afforded by the deposition of the 12 mil top conductor.
The second isolation is required because the silicon wafer used as a sub-

strate is highly conductive and thus interconnects all the diodes.

The technique proposed for the 30 x 30 matrix involved the scribing
and cracking of the wafer into 20 mil strips and remounting these into a

single structure; monitoring a separation between the rows.

Although the scribing and cracking presented no problems, the remounting
of the devices was somewhat more complex. In the final assembly, an acrylic
holder was fabricated, having 2 mil ridges between the silicon strips. The

strips were cemented via a lead through the bottom of the holder.

Since the integrated structure was never fully completed, the step of
completing the column connections was never actually performed. The tech-
nigue proposed, however, utilized a photoresist to form a continuous top sur-
face over the holder and strips. The photoresist is then exposed and developed
to gain access to the 12 mil conductor on the strips. A second evaporation

will reconnect these column lines, completing the matrix.
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V. FEASTIBILITY DEMONSTRATION MODELS

A. DELAY LINE MODEL

An image converter model, consisting of an 81 element photosensor matrix,
two 9 tap ceramic delay lines and supporting microelectronic sync circuitry, has
been constructed to demonstrate tapped delay line scanning. TFigurel7 is a
photograph of the mounted model. The components that make up the model are

described in some detail below.
1. Photosensor Array

The 81 element array uses the charge storage principle of image scanning,
previously described, consisting of diode, photoconductor and capacitor elements.
The matrix interconnection scheme described in Figure 8 previously is used
here. The array and delay line orientation in the model is identical to

Figure 8, such that line 2 is grounded.

The array element values were chosen to be consistent with the delay line
scan from rates expected. A Clairex CdS photoconductor, type CL602 was
selected for its 100 K ohm resistance at 30 ft candles illumination, and about
10 megohms at 0.1 ft candle. A charge storage capacitor value of 470 pf yields
an appropriate time constant of MY/us at 30 ft candles. The diodes used are
GE types SD300 and IN4LL3, identical except for encapsulation. Both types are
silicon epitaxial units, without gold doping, as used in the 30 x 30 fabricated
array. A few gold doped diodes, GE type IN3605, have been substituted for
comparison purposes reported below. Each photoconductor and capacitor are
soldered together and connected with the diode to the conductor matrix via the
transistor socket soldered at each conductor intersection. A bakelite plate

is used to hold the photoconductors in place.

2. Delay Line Scanner

Both ceramic lines incorporate the most recent improvements discussed
previously. GEL2TAA ceramic is used, with electroless Ni electrodes. The

material has been poled only in the regions directly under the electrodes.
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Figure 47
Delay Line Scanned Image Converter Model
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The edges of both lines have been scalloped to disperse the reflected wave. The
electrodes are spread on 120 mil centers, which is twice the original spacing,

to obtain a suitable frame rate. Thin electrodes have been built up with air

dry silver plate. The drive electrode of line 1 is located at the ceramic edge;
delay line 2 is driven from the third available electrode. The lines are mounted

on bakelite bands with styrofoam pads.

These delay lines require a 60-80 volt drive pulse to obtain a 1.0 to 1.5
volt output. The output pulse delay is equal to O.8h/usec/tap.

3. Compensating Networks

A passive network of three resistors and an isolating diode connect each
delay line tap to a matrix conductor. This network is used to provide a con-
stant output voltage from tap to tap. The resist values were chosen as
described previously. Isolation diodes without gold doping (GE INLLL3 and
SD300) are used. The video output voltage is developed across a 100 ohm

resistor between ground and the common bus bar of delay line no. l.
4. Synchronizing Circuitry

The clock driver sync operation scheme described earlier is used in this
model to trigger the external pulse generators. Motorola microcircuits of
the same type used for microelectronic scanning, were selected to duplicate
the dividing circuits of Figure 10. Two additional circuits, not shown in the
figure, are used to supply a bias voltage and to shape the clock signal input.

The circuits increase are listed below.

(8) J-K Flip Flop: Motorola No. 358
(3) 3 Input Gate: Motorola No. 356
(1) Bias Driver: Motorola No. 354

The clock pulse repetition rate required equals 1.19 mc, corresponding to the
tap delay of O.8M/As/tap. The horizontal rate is one tenth this rate, or

119 KC. The frame rate equals one ninth of the horizontal rate, or 13.2 kc.
This corresponds to TS.S/ASec between successive interrogations of the same
element, correctly related to the MY/usec time constant calculated for 30 foot

candle illumination.

106




5. Test Results

The components described above were interconnected and operated with the
required external power supply, clock signal source, and pulse generators.
Waveforms of the delay line output and video output voltages are given under
various conditions. A more detailed description of operating conditions is

given in the operating instructions.

Figure 48 shows the output waveforms of both delay lines operating in
‘the model. An 80 volt input pulse is applied from a 50 ohm source with O.k
/ASec pulse width, and 20 ns rise and fall time to each line. Output pulses
shown are observed at the output of the compensating network. The pulses are
approximately O.E/Asec wide at 50% amplitude, and 1.5 volts. The first pulse
in each photo is interrogating the matrix; its reduced amplitude is due to the
voltage drop across the compensating resistors. Note the acoustic reflection
noise amplitude and the differentiated drive pulses. The effect of this

noise will be observed in the video wave forms below.

Figure 49 shows the video output obtained from scanning an illuminated
matrix row. The pulse amplitudes are typically 150-200 millivolts with
approximately O.lS/MSec pulse width at SO% amplitude. The pulse separation
of O.84/u5ec would be reduced to 0.92/usec, if the delay line taps were
spaced at 60 mil centers. The negative overshoot present is due to stored

charge in the diodes without gold doping.

- Figure 50 shows the video output obtained from scanning the first line
of the 81 element matrix. Elements 7, 8 and 9 at the end of the scanned line
have diodes with gold doping and exhibit no negative overshoot. The presence
of the overshoot has little effect upon the illumination characteristics and
would ordinarilly beclipped off when a black level is established in sub-
sequent video processing. Element T has failed through mechanical handling

of the matrix.

Waveform (a) represents all matrix elements illuminated. Wave form
(b) shows the effect of covering elements, 2, 4, 6, and 8. In waveform (c),
the remaining noninterrogated elements have been covered. For proper image

converter operation, waveform (b) should be identical to waveform (c). The
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(a) Output Voltage,
Delay Line no.2
(grounded)

2.0 usec/cm,
1.0 volts/cm

(b) Output Voltage,
Delay Line no.l
(floating)

2.0 usec/cm,
1.0 volts/cm

Figure 48

Delay Line Scanning Voltage
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0.2 psec/em, 100 mvolts/cm

Figure L9

Video Output Pulse Detail
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(a) All matrix

elements illumin-
. ated. (Element No.T

has failed.)

(b) Elements no.2,k,
6,8, no illumina-

tion. Other elements
illuminated.

(c) Elements no.l,3,
5,9 illuminated.
Other elements, no

illumination.

A1l photos 1.0 psec/cm

0.2 volts/cm

Figure 50
Video Output, First Line of Matrix Scanned
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difference is due to conduction through the noninterrogated elements that are
in common connection to elements 2, 4, 6, and 8. This leakage appears to be

inherent in coincident voltage selection without reverse bias.

Note that the effect of the delay line acoustic noise is negligible

while the drive pulse coupling is clearly visible.

Figure 51 shows the first six lines of the nine line matrix being scan-
ned continuously. The drive pulse of the floating delay line (1) is capac-
itively coupled into the output and must be eliminated for proper operation.
Waveform (a) is the video output for all matrix elements illuminated. The
variation in pulse amplitude is due to the use of compensating network values
not matched to a delay line that was substituted for a broken line. Wave-
form (b) shows the result of illuminating the first line only. Leakage c
currents through the elements of the first line are evident in the subsequent

lines.

B. MICROELECTRONIC SCANNER MODEL

The described matrix equivalent circuit elements, Figure 2L, were
demonstrated with.VD = 5.5 volts, Vo =5 volts, and VR = 5 volts. Saturation
current pulses (matrix capacitor 95% discharged before each interrogation)
observed were 10 MA peak and 5Q/4sec wide (see top of Figure 52 ). Hence, a
maximum bit rate available for transmission is of the order of 20 megacycles
per second with the demonstration model. The frame time, of course, is
limited by the light sensitivity required for given matrix discharge rates.
In practice the matrix interrogation rate was l/h/ﬂlsec or 1/2 sec (switch
selected) to match the counting circuits constructed to a standard broadcast

television monitor.

Although the 900 matrix elements are not sufficient to fill a conven-
tional TV raster completely, the pulse width and pulse repetition rate for
a single element are appropriate for display in a conventional TV format.
The matrix elements are grouped electrically to occupy a continuous 1/8 of a
horizontal scan and a continuous 1/8 of a vertical scan; forming a block in
the upper left hand corner of the display. An optional switch-selected modi-
fication of the scan will expand the display spread. The display elements
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Figure 51

Video Output, First Six Lines
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(a) All matrix
elements
illuminated.

(b) First line of
matrix illumin-
ated. Other elements
no illumination.

both photos 5.0 usec/cm
0.2 volt/cm
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l 5 MA/cm

————
MOY{sec/cm

Matrix Current

N\Output

2 V/cm

—_—
20p sec/cm

. Horizontal Inverval

2 millisec/cm

Vertical Interval

Figure 52
Microelectronic Scanned Array-Waveshapes
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are twice this spacing apart for detailed examination, but maintaining the
individual pulse width and pulse repetition rate. The output amplifier com-~
bines the sync generated by the micrologic to form a one volt peak to peak
composite video signal to drive a terminated 75 ohm transmission line. For
simplicity, the output transistor collector DC return is through the remote

T5 ohm termination, as the DC path must be completed. The use of low impedance
circuits, and the high matrix output combine to give a simple output amplifier
without requiring compensating circuits. External gamma correction can be
applied if required for a given application. Figure 52 shows output waveforms
which detail the sync and blanking pedestal output in the vertical and hori-
zontal intervals. The synchronizing signal approximates industrial quality
sync, but is not as complete as broadcast quality sync since no equalizing
pulses are formed. This does not directly influence operation of the image
converter, only the display monitor. Independent horizontal and vertical
synchronizing signals are generated and can be amplified and used to drive

the monitor directly if required.

Although the output drivers are constructed using discrete components,
and the size and type of components were chosen for the demonstration model
on the basis of availability and performance, future units can be designed
around monolithic integrated microcircuit techniques entirely. Such circuits
can be built according to mil specs and since the circuit complexity for a
large matrix is of the order of a small digital computer, similar failure
rates can be expected. The use of redundant circuitry can effectively reduce
failures. 1In addition, the logic configuration can be chosen to confine
failures to small segments without impairing the overall scan circuit opera-

tion.

The same 9 x 9 element photosensor matrix array described in connection
with the delay line scanner was driven by the microelectronic scanner. The
photograph of Figure 53 was obtained utilizing an optical mask. Ligh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>